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Abstract 
Silicon cantilever resonators fabricated in a slender geometry are investigated for detecting characteristics of local elasticity of 
different surface deposits by monitoring changes of resonance frequency and quality factor (Q-factor) corresponding to the 
physical properties of the materials. A full piezoresistive Wheatstone bridge (WB) for signal read-out and a wet-etched silicon tip 
for surface probing are integrated on the cantilever beam. From the material characterization, the harder the object surface, the 
larger the resonance frequency shift is while amplitude and Q-factor decrease. This sensor will be the key component of an 
adaptable form and roughness monitoring system for inline process control of machine tools for high-aspect-ratio 
microstructures. 
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1. Introduction 
According to the German governmental initiative industry 4.0 or the Smart Manufacturing Leadership Coalition 
in the US, future manufacturing processes shall be revolutionized by cyber-physical systems based on smart sensor-
based electronics systems. In this context, production and use of high-aspect-ratio microstructures, e.g., for 
automotive industry applications, have been drastically increasing in recent years [1]. Injector nozzles of Diesel 
combustion engines contain spray holes, which may affect combustion efficiency and exhaust emission by their 
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Fig. 1. (a) Fabricated silicon piezoresistive tactile cantilever sensors integrated with (b) a wet-etched microprobe tip (c) a full p-implanted 
Wheatstone bridge. 
inner surface parameters form, roughness, and deposited material [2,3]. As a result, quantitative but non-destructive 
evaluation (NDE) of complete surface profiles and deposits inside the spray holes is required. However, most 
scanning systems based on optical fiber probes are still expensive and too slow (< 1 mm/s) for in-line measurements 
on a workpiece immediately after the machining process [4]. To overcome the issue, a piezoresistive silicon 
cantilever has been introduced as an alternative to measure the nozzle surface and roughness [5]. In that case, the 
deposited material types cannot be distinguished because of its static operating mode. Atomic force microscopes 
(AFM) as Asylum’s Cypher S and ES AFMs can map the complex Young's modulus of  materials at high speed (300 
ȝPV ORZ-force (50 pN), and low-noise [6]. Nevertheless, those AFM probes are too tiny for a comprehensive 
nozzle spray hole characterization of millimeters in length and aspect ratios of 5–10. Therefore, in this work, a 
slender piezoresistive cantilever sensor is firstly tested in dynamic mode to probe and distinguish various materials, 
which can then enhance the functionality of the developed scanning system.  
 
2. Microtactile piezoresistive cantilever sensors 
To fabricate the microcantilever sensors, the CiS bulk micromachining processes were used and implemented in 
4-inch (100)-n-type silicon (Fig. 1(a)) [7]. The fabrication procedures were mainly classified into four subsequent 
process steps (i.e., formation of a piezoresistive Wheatstone bridge (WB), wet etching of a microprobe tip, 
metallization of electrical contacts, and dry etching of membrane and cantilever). It should be noted that boron 
implantation process with a concentration of 3 × 1018 cm-3 was used instead of a Borofilm 100 diffusion to integrate 
p-type piezoresistors on area near the cantilever clamped end, since sensor manufacturing had been transferred from 
laboratory to industry standard. As a result, lower offset voltages of < 5 mV/V were measured with the realized 
WBs (Fig. 1(b)). Furthermore, as recommended for measurements of good quality surfaces according to ISO 3274, a 
robust tip was integrated at its bottom free end with an angle of 40°/90°, a curvature radius of 0.5–2 μm, and heights 
of 10–75 ȝP (Fig. 1(c)). To realize the microprobe tips of near-conical shape, potassium hydroxide (KOH) wet 
etching was used. In this case, the SixNy layer of 100 nm served as an etch mask, which was created using low-
pressure chemical vapor deposition (LPCVD). For having electrical contacts with the piezoresistive strain gauge, 
800 nm thick aluminum (Al) layers were deposited on the opened contact holes masked by 400 nm thermally grown 
silicon dioxide (SiO2) films. The last key step was the free-release of the cantilever using deep reactive ion etching 
(DRIE) in cryogenic temperature. Thus, self-sensing cantilever sensors with three different geometries were 
obtained, where the smallest and largest cantilever had dimensions (length l × width w × thickness h) of 1250 × 30 × 
25 μm3 and 5000 × 200 × 50 μm3, respectively [7]. The cantilever thickness can be adjusted by either using silicon-
on-insulator (SOI) wafers with different active device layers or time-controlled backside etching during the 
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Fig. 2. (a) Homebuilt measuring station with integrated piezoresistive silicon cantilever sensor (5000 × 200 × 29 ȝm3) and piezoelectric 
actuator. (b) Force calibration results corresponding to the z-position and offset voltage. 
 
 
Fig. 3. (a) Resonance frequency measurement results for three first out-of-plane resonance modes under different excitation voltages. (b) 
Resonance frequency shifts of the cantilever at second mode showing output signal comparison in dynamic contact mode for three different 
materials (i.e., copper, silicon, and rubber). 
cantilever creation relying on carefully selected etching parameters. In addition, the sensor has a high gauge factor 
of K Ĭ 80 and a low power consumption of ~0.4 mW. 
 
3. Resonance frequency and material characterizations 
For the measurement setup, the employed resonant cantilever sensor was mounted with a piezoelectric stack 
actuator (PL 055.30, Physik Instrumente (PI) GmbH & Co. KG, Karlsruhe, Germany) on a home-built 3D 
positioning table, providing a range of -50 μm – 100 μm at a minimum step or resolution of 10 μm as shown in Fig. 
2(a). The sensor has a geometry of 5000 × 200 × 29 ȝm3. The tip of the cantilever is located at the bottom of its free 
end. Before the material characterization, the sensor was firstly calibrated in terms of its contact forces by measuring 
the DC output voltage of the WB in respect to the z-position (Fig. 2(b)). The slopes of the measured voltage-
deflection characteristics correspond to the cantilever sensor sensitivity of between (129.4 ± 1.8) V/m and (131.5 ± 
2.3) V/m. At the point of z = 0, it is expected that the cantilever tip has started to contact the sample, but has not 
been deflected. From two calibration runs performed at the same day in normal laboratory environment, i.e., without 
climate control, identical slopes (within < 2 %) are found during loaded and unloaded conditions corresponding to 
both constant cantilever stiffness and WB gauge factor. However, a shift of the absolute z-position can also occur 
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affected mainly by the uncertainty of the positioning table. To avoid an effect of temperature drift and 
correspondingly ensure a constant probing force, dynamic mode probing experiments with different materials were 
done immediately after calibration selecting an appropriate constant DC output voltage of the WB (i.e., ~3 mV).  
To excite the cantilever sensor into resonance, the piezoelectric actuator was supplied by AC voltages (1 – 10 V) 
from a waveform generator (HP 33210). Meanwhile, a power source (HP E3601) and a digital multimeter (HP 
34401) were used to bias and read the output signal of the WB, respectively [8]. Fig. 3(a) depicts the typical 
vibration spectra for the first three out-of-plane resonance modes. To show the effect of a solid surface being in 
contact with the cantilever tip, copper, silicon, and rubber were selected as model materials providing a wide range 
of viscoelastic properties (E = 0.1 – 169 GPa). Correspondingly, all resonance frequencies have been shifted to 
higher values during contact–mode operation. As an example the second mode was analyzed showing a resonance 
frequency shift of f2_Air = (10.186.87 ± 0.31) Hz to higher values of f2_Cu = (24.055.65 ± 14.18) Hz, f2_Si = (24.725.28 
± 12.49) Hz, and f2_Rub = (23.888.95 ± 3.43) Hz, respectively (Fig. 3(b)). Obviously, the differences of f2_Cu, f2_Si, and 
f2_Rub are much larger than the individual errors resulting from line-shape analysis, i.e., the resonance frequency 
shifts can be assumed to be specific for the materials. Correspondingly, a material-dependent decrease of the Q-
factor has also been experienced, being largest for the most viscous material (i.e., rubber) where its value has 
dropped from 1280 to 34. To check the achievable lateral resolution of the sensor, experiments with area-selective 
surface deposits on different substrates will be necessary to be performed as well as its automation. 
 
4. Conclusion 
Piezoresistive tactile cantilever resonators have been fabricated in silicon and used for material characterizations. 
Three different materials (i.e., copper, silicon, and rubber) have been investigated in respect to the shifts of the 
resonance frequency and quality factor during dynamic contact mode measurements. Further experiments and 
analysis of the area-selective surface deposits on different substrates have to be performed to assess the feasibility of 
the sensor for being used in real-time hardness measurements. 
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